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This dissertation discusses two Bio-Tower applications in wastewater treatment in the Village of Minoa 
for removing Chemical Oxygen Demand (COD), Ammonia Nitrogen (NH3-N), and Total Phosphorus 
(TP). The Laboratory Benchtop Bio-Tower System and the Packed Bio-Tower System can effectively 
remove 60% to 80% of COD and over 90% of NH3-N in wastewater from the primary clafier effluent 
under various feeding rates. The Bio-Tower’s ability to remove TP was not significant. For the 
Laboratory Benchtop Bio-Tower System, five out of nine results showed that the removal efficiency 
was under 20%. In another Laboratory Benchtop Bio-Tower System test was done by pre-running the 
system with diluted cow manure indicated that the system could remove 60% to 80% of  TP.  
This study also found the four-parameter logistic regression model can best describe the Chemical 
Oxygen Demand (COD), Ammonia Nitrogen (NH3-N), and Total Phosphorus (TP) concentration 
change over time for both The Laboratory Benchtop Bio-Tower System and the Packed Bio-Tower 
System under various feed flow rate. 
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Global freshwater usage has increased rapidly since the 1900s due to population growth (municipal use) 
and economic activities (agriculture and industrial use). During the past century, freshwater withdrawal 
for municipal, agriculture, and industrial use rose from 671.31 billion m3 in the year 1900 to 3.79 trillion 
m3 in 2000 (Aus der Beek et al., 2010; Alcamo et al., 2003). After 2000, the increasing rate of freshwater 
withdrawal became slower, trending to a plateau. Flörke and colleagues (2013) estimated a value of 
3.99 trillion m3 freshwater withdrawal in 2014. 
Despite a huge amount of freshwater water withdrawal, the world is still facing water scarcity. The very 
unevenly distributed water resources have made some countries have an abundance of water while 
many others face extreme water scarcity (FAO, 2011). Five hundred million people lived in areas like 
Northern and Northwest China, India, Central Asia, arid parts of Sub-Saharan Africa, the Middle East, 
the Mediterranean region, Australia, Central, and Western North America, Central, and Western South 
America, where water consumption is two times higher than locally renewable water resources 
(Mekonnen & Hoekstra, 2016). 
At the same time, other than water scarcity, water pollution also raised attention of the public with more 
and more water use in domestic and productive activities. The AQUASTAT database of the Food and 
Agriculture Organization of the United Nations (FAO) has estimated that 56% (2.2 trillion m3 per year) 
of freshwater withdrawal released as wastewater into the environment (WWAP, 2017) was in the forms 




withdrawal 3.9 trillion m3 per year. Studies have also shown that, globally, over 80% of wastewater 
discharged to the environment lacked adequate treatment (WWAP, 2012; UN-Water, 2015a). Also, 
more developed countries and higher-income regions would treat more wastewater while developing 
countries and lower-income regions treat less wastewater ((Sato et al., 2013). 
Wastewater management has been one of the effective ways to alleviate problems concerning water 
pollution and water scarcity.  The goal of wastewater management is to have a sustainable development 
of natural resources, including protecting public health and the environment (Clean Water Act, 1972). 
To meet these goals, wastewater treatment has typically consisted of Primary Treatment, Secondary 
Treatment, Land Treatment/Constructed Wetlands, Advanced Treatment, and Disinfection (EPA, 2004). 
Wastewater treatment plant design is based on the selection and sequencing of various unit operations; 
selecting a combination of processes depends on the characteristics of the wastewaters, the required 
effluent quality, costs, and land availability (Englande et al., 2013). Reuse of the treated wastewater or 
effluent can become an effective solution to the scarcity of water resources. For example, Throssell et 
al. (2009) estimated that golf courses need water for irrigation purposes, of about 48.2 acre-feet to 386.2 
acre-feet (15,706,000 to 125,844,000 gal/year) annually. Sources for golf courses irrigation water could 
come from storm runoff captured in retention ponds, high flow (flood) water diversion into storage 
ponds, effluent from a Waste Water Treatment Plant, greywater, and treated or raw water from a local 





1.2 Dissertation summary 
This dissertation is focused on the application of the bio-tower system to remove Chemical Oxygen 
Demand (COD), Ammonia Nitrogen (NH3-N), and Total Phosphorus (TP) in wastewater collected from 
the Minoa Village Wastewater Department under various feeding rates (recirculating rate). Two bio-
tower systems, Laboratory Benchtop Bio-Tower System and a Packed Bio-Tower system, were 
designed, built, and tested separately in the laboratories of SUNY-ESF and Minoa Village Wastewater 
Department. 
Chapter 2 of the dissertation offers a literature review of the typical wastewater treatment processes, 
pollutants in wastewater, wastewater discharge limits for BOD, TP, NH3-N, and the plastic fill trickling 
design model filters. Chapter 3 describes the application of the Laboratory Benchtop Bio-Tower System 
and the Packed Bio-Tower system to remove BOD, TP, and NH3-N in the wastewater collected from 
Minoa Village. The Laboratory Benchtop Bio-Tower System was tested under two scenarios. First, the 
system was run at the feeding rate (recirculating rate) between 0.6 to 1.5 L/min with a pre-building 
bacteria layer period, and second,  the system was run at a feeding (rate recirculating rate) between 1.5 
L/min to 5.75 L/min without a pre-building bacteria layer period. The Packed Bio-Tower system had 
two sets of tests. First, the system was run and tested at the recirculating rate of 40 gallon/ min without 
a feeding rate for four hours. Second, the system was run at a recirculating rate of 40 gallon/min 
combined with a daily increasing feeding flow ranges from 2000 gallon/day to 24000 gallon/day. 
Chapter 4 gives the results on applying the Laboratory Benchtop Bio-Tower System and the Packed 
Bio-Tower system to remove BOD, TP, and NH3-N and removal efficiency under various 




and makes suggestions for improving the system and future study. Chapter 6 provides conclusions and 
findings of the dissertation research.  
1.22 The Village of Minoa 
The Village of Minoa is located in the eastern suburbs of Onondaga County and within the Town of 
Manlius, Syracuse, New York. The village has a total area of 1.2 square miles (3.1 km2). It has a 
population of approximately 3,345 residents, 1,249 households, and 940 families.  
The Village of Minoa has its wastewater treatment facility servicing its residents and receives flows 
from outside like ESM High School and Pine Grove Middle School. The plant’s permitted flow is 0.73 
million gallons (2763.3 m3) per day for dry weather flow and 0.99 (3747.5 m3) million gallons per day 
for wet weather flow. The wastewater treatment processes in Minoa Village will be discussed in  the 
























Chapter 2: Literature Review 
2.1 Overview 
This literature review focuses on necessary information on pollutants in wastewater, the typical 
wastewater treatment processes, regulation of effluent limits for Biological Oxygen Demand (BOD), 
Ammonia as NH3, and Total Phosphorus. The literature review also explains why it is practicable to use 
Chemical Oxygen Demand (COD) instead of the popular BOD as the wastewater value index. 
Furthermore, this section gives an introduction to the bio-tower design model. 
2.2 Pollutants in Wastewater 
The primary type of pollutants in wastewater includes oxygen demanding substances, nutrients, 
microorganisms, suspended solids, salt, synthetic organic chemicals, inorganic chemicals, and heat 
(EPA, 2004; Davis and Cornwell, 2013).  
Oxygen demanding substances refer to anything that can be oxidized in the receiving water with 
dissolved oxygen consumption (EPA, 2004). These substances are usually biodegradable organic matter 
but also some inorganic compounds. The excessive dissolved oxygen consumption endangers fish and 
other higher aquatic life forms that must have oxygen to live (Davi and Dahiya, 2006). Most oxygen-
demanding substances in domestic sewage come from human waste and food residue. Food processing 
industries and paper industries contributed significantly to the producing oxygen-demanding wastes 
(Payne, 1994).  
Nitrogen and phosphorus are two essential nutrients for the growth of all living life forms (EPA, 2004). 




2009). The excessive richness of nutrients in a lake or other water bodies causes a dense growth of plant 
life (for example, algae)  and an animal life's death from lack of oxygen (Alrumman et al., 2016). 
Phosphorus-based detergents, fertilizers, and food-processing waste are the source of the primary 
nutrients (Puckett, 1995). 
Microorganisms in wastewater include bacteria, viruses, and protozoa (Mclellan et al., 2010). They 
make the water unfit for drinking when discharged into surface waters. If pathogens' concentration is 
sufficiently high, the water would not be suitable for swimming and fishing (Stottmeister et al., 2003).  
Suspended solids are organic and inorganic particles carried by the wastewater into receiving water 
(EPA, 2004). These particles will settle to the bottom as sediment when the water's speed is reduced by 
flowing into a waterbody (Vinton, 1983). As excessive suspended solids are deposited into lakes and 
reservoirs, the water would be less useful. Suspended solids generated from mining and logging 
operations will also destroy aquatic organisms' ecological habitats if carried by rapidly moving 
mountain streams (Edward and Withers, 2008).  
The salt problem arises when the salt concentration increases. High salt concentration could threaten 
plants’ and animals’ natural population, cause soil poisoning, and make water no longer useful for 
public water supplies or irrigation (Kargi and Dincer, 1996). Sources of salt come from the industrial 
discharge of high salt concentrations and urban runoff with a high salt concentration after snowmelt 
(Uygur and Kargi, 2004). In arid regions, irrigation water picks up salts every time it passes through 
the soil on its way back to the river (EPA, 2004).  
Synthetic organic chemicals and inorganic chemicals contain a broad category of chemicals, for instance, 




herbicides, industrial chemicals, and the wastes from their manufacture (EPA 2004). Many of these 
chemicals are toxic to aquatic lives, and many are harmful to human beings. Some chemicals are known 
to be highly poisonous at trace amounts (Davis and Cornwell, 2013).  
Heat reduces the capacity of water to retain oxygen (EPA, 2004). In some areas, cooling water from 
power plants and industries is discharged to streams directly at elevated temperatures. The discharged 
effluent from wastewater treatment plants and stormwater retention ponds also have a higher 
temperature than the receiving water in summertime (Sperling, 2007). Waste heat in the uncheck or 
untreated discharge can seriously alter a lake's or stream ‘s ecology. 
2.3 Wastewater Treatment 
Wastewater treatment typically consists of Primary Treatment, Secondary Treatment, Advanced 
Treatment, Disinfection, and Land Treatment/Constructed Wetlands (EPA, 2004). The following 
sections will discuss these processes, briefly. 
2.3.1 Primary Treatment  
Primary treatment removes pollutants (coarse solids) that will either settle or float in the wastewater 
(EPA, 2004). Primary treatment will typically remove up to 60 percent of the suspended solids and 35 
percent of the BOD5 in influent. Primary treatment does not remove soluble pollutants (Davis and 
Cornwell, 2013). 
Before primary treatment, devices and structures are placed upstream to protect the wastewater 
treatment plant. Equipment like Bar Racks, Grit Chambers, and Equalization vessels (EPA, 2004) are 




The Bar Racks' or Bar Screen's primary purpose is to remove large objects like rags and logs that would 
damage or foul pumps, valves, and other mechanical equipment (Qasim, 2017).  
Grit Chambers are used to remove inert dense material, including sand, broken glass, silt, and pebbles. 
Removal of these materials will reduce flow capacity, reducing the clogging of pipes and channels and 
wear and tear of equipment (Borges et al., 2015).  
Flow equalization is achieved by building large basins that collect and store the wastewater flow. 
Wastewater is pumped to the treatment plant at a constant rate from large basins. Flow equalization 
helps improve both secondary and advanced wastewater treatment processes’ efficiencies (EPA, 1979a).  
The primary treatment is to use a sedimentation tank to remove light organic suspended solids from the 
sewage by gravity after pretreatment (Mittal, 2006). The settled solids on the bottom of the 
sedimentation tank are called raw sludge (Lindberg et al., 2006 ). The raw sludge is removed from the 
sedimentation tank by mechanical scrapers and pumps. Floating materials, such as grease and oil, rise 
to the sedimentation tank's surface, where they are collected by a surface skimming system and removed 
from the tank for further processing (Murray et al., 2008 ).  
2.3.2 Secondary Treatment 
The primary purpose of secondary treatment is to remove the soluble BOD5 and suspended solids. 
Secondary treatment typically uses biological processes to remove BOD5 and suspended solids. In this 
process, microbes consume organic pollutants as food (Davis and Cornwell, 2013). Ninety percent of 
the organic matter in wastewater can be removed by secondary treatment (EPA, 2004).  The most 
common secondary processes are activated sludge, treatment ponds, and trickling filters, 




activated sludge process, microorganisms are mixed thoroughly with the organic compounds in the 
primary effluent and use them as a food source for growth (Gernaey, 2004). As the microorganisms 
grow and are mixed by air agitation, an active mass of microbes called activated sludge is formed when 
the individual organisms clump together (Henze, 1992). In practice, wastewater flows continuously into 
an aeration tank. In the aeration tank, injected air supplies the organisms' oxygen to break down the 
organic compounds, where activated sludge mixes with the wastewater (Cicek, 1999). The mixed liquor 
(activated sludge and wastewater) flows from the aeration tank to a secondary clarifier, where the 
activated sludge is settled (EPA, 2004). Most of the settled sludge is returned to the aeration tank to 
maintain the high microbes population that permits the organic compounds' rapid breakdown. The 
remaining sludge is wasted for treatment and disposal in the sludge handling system (Van and Van, 
2007). 
Treatment ponds typically consist of aerobic ponds, anaerobic ponds, and facultative ponds for 
wastewater treatment in small communities (Benefield and Randall, 1980). The aerobic pond uses 
aerobic bacteria to break down organic compounds with the oxygen requirement being supplied from 
the air and the photosynthesis process of active algae (Craggs et al., 2011). Under the help of anaerobic 
bacteria, an anaerobic pond’s treatment of wastewater involves three steps (Park et al., 2011): First, the 
organic matter is hydrolyzed. Second, complex organic materials are broken down and become short-
chain acids and alcohols (acid fermentation). Third, alcohols are converted to gases, primarily methane 
and carbon dioxide (methane fermentation). Facultative ponds are a combination of aerobic ponds and 
anaerobic ponds (EPA, 2004). In facultative ponds, raw wastewater is directed to the center of the pond. 




(Yacob et al., 2006). Both acid fermentation and methane fermentation processes occur in the sludge 
deposits. The facultative zone is on the top of the anaerobic zone. The zone is aerobic in the day time 
and anaerobic at night. Above the facultative zone, it is an aerobic zone where oxygen is supplied from 
air and algal photosynthesis. 
Trickling filters are one of the main types of biological control units (Easter et al., 2005). Trickling 
filters are round tank structures full of media, usually coarse material, such as stones, slats, and a high 
surface area engineered plastic (packing film). The most widely used design was a stone bed with a 
depth of approximately 1 to 6 m depending on the design. The wastewater is typically distributed over 
the rocks' surface by a rotating arm (Davis and Cornwell, 2013). As the wastewater trickles through the 
bed and organic matter inside the wastewater passes through the media’s surface area, a microbial 
growth establishes itself on the surface of the stone or the film's surface.  The microorganisms converted 
themself into a jelly-like, slimy biological mass called biofilm. The thick biofilm consists of bacteria, 
fungi, algae, and protozoa (Gerba & Brusseau, 2019). They feed on the organic waste products 
contained in the flow and treat the wastewater.  
Trickling filters have been shown to remove BOD significantly and remove ammonia through 
nitrification (Daigger & Boltz, 2011). A study also showed that it can remove volatile organic 
compounds that harm humans and the environment (Lekang & Kleppe, 2000). 
2.3.3 Land Treatment and Constructed wetlands 
Land Treatment is the application of effluents after the secondary treatment of wastewater. Land 
Treatment uses soil and plants (crops) as natural filters through which effluents pass. At the same time, 




(EPA, 1979a). In Constructed Wetland, most wastewater returns to the hydrologic cycle through 
overland flow or the groundwater system. The major part of the groundwater returns to the surface 
water system(Pound, Crites & Griffes, 1976).  
Constructed Wetlands treat the wastewater through natural physical wetland processes (sedimentation, 
filtration), chemical wetland processes (precipitation, adsorption), and biological wetland processes 
(microbial degradation, microbial nutrient transformations, uptake from the water column and root zone, 
and microbial competition) wetland processes (Kivaisi, 2001). As wastewater passes through the 
constructed wetland, the recreated and enhanced wetland processes are applied to the wastewater (EPA, 
2004). The active reaction zone of constructed wetlands is the root zone (or rhizosphere). Root zone is 
where physicochemical and biological processes occur induced by the interaction of plants, 
microorganisms, soil, and pollutants (Stottmeister et al., 2003). Constructed Wetlands are typically 
classified into three criteria (Merz, 2000): hydrology (open water-surface flow and subsurface flow), 
type of macrophytic growth (emergent, submerged, free-floating), and flow path (horizontal and 
vertical). A hybrid or combined Constructed Wetlands system uses different types of constructed 
wetlands together to achieve a higher removal efficiency or utilize specific advantages of the different 
systems (Vymazal, 2002; Vymazal, 2011). 
2.3.4 Disinfection process 
The disinfection process is used after secondary treatment to kill or deactivate harmful organisms. In 
the process, chlorine is the most widely used (Davis and Cornwell, 2013). In practice, chlorine is 
injected into the wastewater. The wastewater then flows into a basin, allowing the chlorine to react with 




Ozone and ultraviolet radiation disinfection are also frequently used for effluent disinfection (EPA, 
2004). Ozone can very effectively destroy viruses and bacteria. After the reaction, the ozone turns back 
into oxygen rapidly (Xu et al., 2002). UV disinfection is a physical treatment process that has no 
chemical traces left (Gehr, 2003). The UV radiation destroys the transcription of DNA, and the bacterial 
cell cannot divide. Similar mechanisms apply to the inactivation of viruses (Angehrn, 1984).  
2.3.5 Advanced treatment 
Advanced Wastewater Treatment aims to produce a colorless, odorless effluent. Treated wastewater 
can be used as a source for reuse of groundwater aquifers, indirect potable reuse through surface water 
augmentation, and direct potable reuse (Metcalf et al., 2007). The treatment includes but is not limited 
to carbon absorption, chemical phosphorus removal, and biological phosphorus removal (Sonune & 
Ghate, 2004). Soluble organic materials resistant to biological breakdown will persist in the effluent 
after primary and secondary treatment. These soluble organic materials are referred to as refractory 
organics. The most practical method for removing refractory organics is by adsorbing them on activated 
carbon (EPA, 1979a). Carbon is activated by heating in the absence of oxygen and results in many pores 
within each carbon particle. Organic materials accumulate at the interface (liquid/solid boundary layer) 
because of the molecules' physical binding to the solid surface. Because adsorption is a surface 
phenomenon, the greater the activated carbon's surface area, the more organic materials activated 
carbon can absorb (Davis and Cornwell, 2013). 
All the polyphosphates gradually hydrolyze in an aqueous solution and revert to the ortho form. 
Phosphorus is typically found as mono-hydrogen phosphate in wastewater (Clark and Pearce, 1997). 




through chemical precipitation. For biological phosphorus removal, phosphorus in the biomass would 
be moved from an anaerobic to an aerobic environment (Coats et al., 2011). The phosphorus contained 
in the biomass is removed from the process as biological sludge. 
2.3.6 Regulation: Effluent discharging limits  
According to the National Pollutant Discharge Elimination System (NPDES) and State Pollutant 
Discharge Elimination System (SPDES), the minimum level of effluent quality attainable by 
secondary treatment is as follows:  
Municipal wastewater treatment plants in New York State must comply with limits:  
1. The average monthly concentration of 30 mg/L and an average weekly concentration of 45 
mg/L for Biochemical Oxygen Demand (BOD). Average BOD removal shall not be less than 
85 percent (CFR, 2005b; DEC, 2014).   
2. 30-Day Arithmetic Mean of 31 mg/L for Ammonia as NH3 (NH3-N) (DEC, 2014).  
3. Total Phosphorus 31 mg/L as P (TP) (DEC, 2014). 
4. Total Residual Chlorine  30, 31 mg/L (DEC, 2014). 
5. Total Suspended Solids The 30-day average shall not exceed 30 mg/l, the 7-day average shall 
not exceed 45 mg/l, the 30-day average percent removal shall not be less than 85 percent (CFR, 
2005b; DEC, 2014). 
6. The effluent values for pH shall be maintained within the limits of 6.0 to 9.0  (CFR, 2005b; 
DEC, 2014).  
7. Fecal Coliform: 30-Day Geometric Mean 200 No. of colonies per 100 ml, 7-Consecutive Day 




In this dissertation, ammonia nitrogen, total phosphorus, and chemical oxygen demand values were 
tested before and after treatment with the bio-tower systems. 
2.3.6 COD/BOD ratio 
Usually, BOD is often used in wastewater treatment plants to index the degree of organic pollution in 
water (USGS 2020). Biochemical oxygen demand (BOD) refers to microorganisms' oxygen to 
decompose an organic compound as a food source (Davis and Cornwell, 2013). The chemical oxygen 
demand (COD) estimates oxygen required for the portion of organic matter in wastewater subjected to 
oxidation and the amount of oxygen consumed by inorganic matter (Barbooti, 2015).  
In this study, the COD level was able to show the level of BOD.  BOD to the COD ratio of particular 
wastewater will remain constant over time and ranges from 0.4 to 0.8 for municipal raw wastewater 
(Abdalla & Hammam, 2014). Also, the BOD/COD ratio is not influenced in the same test duration by 
the type of test, static or dynamic (Cossu & Sandon, 2013; Cossu, Fantinato, Pivato & Sandon, 2017). 
2.3.7 Bio-Tower (Trickling filter) design model  
The most used design model is based on studies of Germain, Eckenfelder, and Barnhart (Federation, 






𝑇𝐻𝐿𝑛                                                                                            (1) 
where, 
𝑆𝑒=soluble BOD in trickling filter (bio-tower) effluent stream (mg/L), 
𝑆𝑖 = soluble BOD in trickling filter influent (bio-tower) stream (mg/L), 
 k = overall treatability coefficient based on wastewater property,  




THL=Total hydraulic loading rate (m3/m2·d), 𝑇𝐻𝐿 =
𝑄𝑖𝑛+𝑄𝑅
𝐴
 (2) , 𝑄𝑖𝑛=influent flowing from upstream 
unit processes in m3/s, 𝑄𝑅= recirculation stream in m
3/s, A=cross-sectional area of reactor (m2). The 
ratio of the returned flow to the incoming flow is called the recirculation ratio . For plastic media, the 
ratio is between 0 to 1. 
a=trickling filter media-specific surface area (m2/m3),  
m, n= coefficient. m and n were usually cited from 0.5 to 1.0, with 1.0 the most mentioned value of m. 
0.5 and 0.67 are the most common values for n (Stenquist et al., 1980).  
The effect of temperature on the k𝑠 may be estimated from the following equation: (Stenquist et al., 
1980): 
𝑘 𝑇 = 𝑘20θ
(𝑇−20)                                                                                          (2)                                                                    
θ is the temperature coefficient. θ has a value of 1.135 between 4°C and 20 °C and 1.056 between 
20 °C and 30 °C (Schroepfer, et al., 1964).  




2.4 Wastewater Treatment plants in The Village of Minoa 
As mentioned in the first chapter, The Village of Minoa has its wastewater treatment facility servicing 
its residents and outside institutions like ESM High School and Pine Grove Middle School. The plants 
permitted flow is 0.73 million gallons (2763.3 m3) per day for dry weather flow and 0.99 (3747.5 m3) 
million gallons per day for wet weather flow. Figure 1 shows the wastewater treatment facilities in 
Minoa Village. The Municipal Residential Sewage from the influent structure is first directed into a 
Primary Clarifier. After settling of the heavier and larger particles from the Primary Clarifier, half of 
this flow is directed to a constructed wetland for treatment. The treated Municipal Residential Sewage 
from the Constructed Wetland mixes with the pre-clarified Municipal Residential Sewage in the influent 
box and is then forwarded to a trickling filter. After the trickling filter, the treated wastewater passes 
through a secondary clarifier and a disinfection unit before being discharged into a stream. The Packed 
Bio-Tower system uses part of the pre-clarified wastewater from the influent box. The Packed Bio-
Tower system is experimental. After treatment, the Packed Bio-Tower's effluent goes back to the 



























Chapter 3: Methodology  
3.1 Introduction  
The study tested the performance for removing chemical oxygen demand, ammonia nitrogen, and total 
phosphorus in the municipal wastewater from the Minoa Village using two bio-tower systems, the 
Laboratory Benchtop Bio-Tower System and The Packed Bio-Tower system. Both systems had similar 
structures and running modes, which will be illustrated in the following sections. The most significant 
difference between these two systems was that the Packed Bio-Tower system had a continuous and 
constant feeding stream from the Primary Clarifier. 
3.1.1 Laboratory Benchtop Bio-Tower System 
The Laboratory Benchtop Bio-Tower System was designed and installed, as shown in Figure 2 (Dölle, 
2020). Collected wastewater samples were discharged at the reservoir (a), made from an 18.92 L bucket 
(5 gallons). In the reservoir, a 25-Watt pond pump (b) was used to pump the wastewater through  
Figure 2 Process flow diagram of Laboratory Benchtop Bio-Tower System 




0.5-liter PVC cylinder and had fifty 2mm-diameter holes equally spaced on the bottom. (Feeding rate 
of the wastewater was regulated by the clamp valve (d) on the PVC hose). Wastewater sample was 
trickled onto Brentwood Cross-Fluted 1900 Film Fill, which was a Polypropylene bacteria growth 
media (g), with a specific surface area of 157 m²/m³ (48 ft²/ft³) to a maximum size of 25 x 25 x 25 mm 
(1.0 x 1.0  x 1.0 inch). Brentwood Cross-Fluted 1900 Film Fill was cut into two equal 250 mm long 
segments with a diameter of 90 mm and installed into the glass tank (f) with 900 mm in height and 90 
mm in diameter. Between two segments of growth media, a 40 mm distance holder was used to separate 
them. As the wastewater was continually pumped into the glass tank, a suspension made its way through 
the growth media (g). The suspension was collected in the lower part of the glass tank and transferred 
back to the reservoir (b) with a 10 mm diameter PVC hose (h). During the operation period, the air was 
supplied through a fish tank air pump (i) into the bottom of the Laboratory Benchtop Bio-Tower System 
using a fish tank air stone (j) at the rate of 0.5 L/min (0.14 gallon/min). 
Table 1: Key component of the Laboratory Benchtop Bio-Tower System 
Code Item Description 
a Reservoir 18.92 l (5 gallons) Bucket 
b Pump 25 Watt 
c Feeding pipe 10 mm inside diameter PVC hose 
d Valve Plastic clamp valve 
e Distributor 0.5 L PVC cylinder shape 
f Glass tank 900 mm in height and 90 mm in diameter 
g Growth media 
Brentwood Cross-Fluted 1900 Film Fill, cut into two 250 mm 
long, 90 mm diameter segments, 157 m²/m³ 
h Return pipe 10 mm inside diameter PVC hose 
i Air pump 3 Watt 
j Airstone Fish tank air stone 
Two sets of testing were performed with the Laboratory Benchtop Bio-Tower System. One set was 
tested at the designated feeding rate by operating the system with a pre-running through the system's 




obtained from the SUNY-Morrisville Farm with a solids content of 12%) and tap water and diluted a 
hundred folds. The system started to operate after a 10-liter of diluted cow manure solution was put into 
the reservoir. During the operation period, the evaporated portion of the diluted cow manure solution in 
the reservoir was compensated daily with a new diluted cow manure solution until the growth media 
had a cover of brown bacteria. After the 3-week inoculation phase, the reservoir was emptied and 
cleaned for the test started with regular wastewater.  
The Laboratory Benchtop Bio-Tower System did not have continuous and constant feeding steam from 
outside in terms of feeding rate. The feeding rate here equaled to the recirculating rate (wastewater 
recirculated from the system reservoir). The other set of tests were tested at the designated feeding rate 
(recirculating rate) by operating the system without the diluted cow manure solution's pre-running. 
3.1.2 Packed Bio-Tower System in Minoa Village 
The Packed Bio-Tower system, including supporting infrastructure, was installed by the Minoa 
Department of Public works and Wastewater Treatment Plant/Clean Water Educational Research 
Facility, as shown in the figure.3 (Dölle, 2020). The Packed Bio-Tower system consisted of an above-
ground bio-tower (g) and a below-ground recirculation tank (a).  The below-ground recirculation tank 
(a) was a concrete cylindrical tank manufactured from an industrial precast concrete section with a 
height of 1.22 m (4 feet), 1.22 m (4 feet) inner diameter, and 1.62 m (5.33 feet) outer diameter. The bio-
tower was built with three industrial precast concrete sections with a height of 3.66 m (12 feet), 1.22 m 
(4 feet) inner diameter, and 1.62 m (5.33 feet) outer diameter. The growth media packing-Brentwood 
Cross-Fluted 1900 Film Fill had a surface area of 157 m²/m³ (48 ft²/ft³). The first growth media packing 




a height of 1.22 m (4 feet). The second growth media packing section is supported 0.30 m (1 foot) above 
the first growth media section and has a height of 1.83 m (6 feet). The 0.30 m gap between the growth 
media packing sections and the  
Figure 3. Process flow diagram of Packed Bio-Tower System  
bottom of the Packed Bio-Tower system allowed aeration through 4 air distributors (k) made from 
Schedule 40 PVC pipes (38.1 mm/1.5 inches inner diameter). 
The pretreated wastewater from Primary Clarifier was pumped (i, 2.25 kW submersible pump ) to the 
Packed Bio-Tower at constant daily feed rate (controlled by valve j) into the influent pan (d, 102 mm/4 





The Wastewater in the recirculation reservoir (a) was pumped by a 0.75 kW submersible pump (b) at a 
constant rate of 40 gallon/min (57600 gallon/day or 355392 pound/day)) through a Schedule 40 (PVC)  
pipe (c, 25.4 mm /1-inch diameter) into the influent pan (d). 
In the influent pan, the pretreated wastewater and the recirculated wastewater from the underground 
reservoir joined and entered the distributer structure (e). Combined wastewater was trickled onto the 
growth of media packing. As the wastewater exited the second growth media packing, it was collected 
on the bottom of the Packing Bio-Tower System and then transferred back into the recirculation tank 
reservoir by gravity flow through a Schedule 40 PVC pipe (h, 101 mm/4 inches inner diameter). The 
excess water was discharged by gravity flow from the underground recirculation tank reservoir through 
a Schedule 40 PVC pipe (m, 101 mm/4 inches inner diameter) into the wet well structure. A Schedule 
40 PVC drainpipe (n, 76mm/3 inches inner diameter) allows for draining of the PBT for routine 













Table 2: Key component of the Packed Bio-Tower system 
Code Item Description 
a Reservoir 
1.22 m (4 feet) high, 1.22 m (4 feet) inner diameter, and 
1.62 m (5.33 feet) outer diameter 
b Pump 0.75 kW 
c Recirculating pipe Schedule 40 PVC pipe (inner diameter 25.4 mm /1 inch) 
d Influent pan diameter 102 mm/4 inches and height 304mm/1 foot 
e Distributor N/A 
f Growth media Brentwood Cross-Fluted 1900 Film Fill 
g Bio-tower vessel 
3.66 m (12 feet) high, 1.22 m (4 feet) inner diameter, and 1.62 
m (5.33 feet) outer diameter 
h Return pipe Schedule 40 PVC pipe (inner diameter 101 mm/4 inches) 
i Feed pump 2.75 KW 
j Flow valve N/A 
k Air distributor 4-Schedule 40 PVC pipes (inner diameter 38.1 mm/1.5 inches) 
l Feed pipe Schedule 40 PVC pipe (inner diameter 38.1mm/1.5 inch) 
m Discharge pipe Schedule 40 PVC pipe (inner diameter, 101 mm/4 inches) 
n Drain port Schedule 40 PVC drainpipe (inner diameter 76mm/3 inches) 
 
Two sets of tests were carried out with the Packed Bio-Tower system. First was the bench line test. In 
the test, the Packed Bio-Tower system was operated when the continuous feeding stream from Primary 
Clarifier was shut down.  The system only used its recirculated wastewater (pumped from its system 
reservoir) as a feed stream. In the other type of test a continuous and constant feed stream (wastewater) 









3.2 Materials and Methods 
3.2.1 Laboratory Benchtop Bio-Tower System testing 
As mentioned in the previous section, the Laboratory Benchtop Bio-Tower System had two types of 
testing. In the first type of test, the system was first run with diluted cow manure solution and then with 
wastewater. In the second type of test, the system was run with wastewater only. 
Sampling  
Ten liters of wastewater was used for the Laboratory Benchtop Bio-Tower System in one run. 
Wastewater was collected from the wet well of the Minoa Wastewater Treatment Plant. The wastewater 
was directly put into the bio-tower system reservoir after been collected.  
As shown in Table 4, the first testing set had four tests under a room temperature of 20 °C. Feeding 
rates were regulated to 0.60 L/min, 0.80 L/min, 1.00 L/min, and 1.50 L/min, respectively (1904.8 
pound/day, 2539.7 pound/day, 3174.7 pound/day, and 4762.0 pound/day), for each test. During the test 
operation period, 30 ml test samples were collected by plastic tubes with a cap from the system’s 
reservoir at time 0 hour, 4 hours, 8 hours, 24 hours, and 48 hours. All collected testing samples were 
labeled and stored in the refrigerator at temperature 0 °C for a further COD, total phosphorus, and 
ammonia nitrogen tests.  
Like the first set of tests, the second testing set had nine tests under room temperature of 20 °C. Feeding 
rates were regulated at 1.56 L/min, 1.98 L/min, 2.50 L/min, 3.00 L/min, 3.42 L/min, 3.90 L/min, 4.51 
L/min, 5.04 L/min, and 5.75 L/min, respectively for each test (4952.5 pound/day, 6285.8 Pound/day, 
7936.6 Pound/day, 9524.0 Pound/day, 10857.3 Pound/day, 12381.2 Pound/day, 14286.0 Pound/day, 
16000.3 Pound/day, and 18254.3 pound/day). During the test operation period, 30 ml testing samples 




6 hours, 8 hours, 10 hours, 24 hours, and 48 hours. All collected test samples were labeled and stored 
in the refrigerator at temperature 0 °C for further tests of chemical oxygen demand (COD), total 
phosphorus (TP), and ammonia nitrogen (NH3-N).  
Testing methods 
HACH DR900 Spectrophotometer and HACH DRB200 Reactor were used for analyzing the collected 
samples for the concentration of COD, total phosphorus, and ammonia nitrogen. The analysis of the 
collected 30 ml samples followed by HACH Method 8000 for COD (range 3 to 150 mg/L), HACH 
Method 10127 for TP (range 1.0 to 100.0 mg/L), and HACH Method 10031 NH3-N (range 0.4 to 50.0 
mg/L). (HACH, 2014a; HACH, 2014b, and HACH, 2015). Table 3 shows the materials and apparatus 
needed for the analysis. 
Table 3: List of materials and apparatus used for analyzing testing samples 
Name Quantity 
HACH DR900 Spectrophotometer  1 
HACH DRB200 Reactor 1 
BioPette™ Plus Autoclavable Pipettes, volume 100-1000 μL 1 
Pipettes tip, volume 100-1000 μL varies 
COD Digestion Reagent vials  varies 
Total Phosphorus Test Vials varies 
Potassium Persulfate Powder Pillow varies 
1.54 N Sodium Hydroxide Standard Solution  varies 
Molybdovanadate Reagent varies 
Ammonia Salicylate Reagent Powder Pillow 1 
Ammonia Cyanurate Reagent Powder Pillow 1 
Deionized water varies 
Beaker, 250-mL 1 
Test tube rack 1 
Funnel, micro  1 






COD: Method 8000 procedures 
Reactor digestion procedure: Set the DRB200 Reactor power to on and preheat it to 150 °C. Hold the 
testing vial at an angle of 45 degrees and transfer 2.00 mL of sample to the vials with a clean pipet. 
Remove the cap from a second vial, hold the vial at an angle of 45 degrees and use a clean pipet to add 
2.00 mL of deionized water to the vial for preparing the blank. Close the vials tightly and rinse the vials 
with water and wipe with a clean paper towel. Hold the vials by the cap, over a sink, and invert several 
times gently to mix. Put the vials in the preheated DRB200 reactor, close the lid, and heat the vials for 
2 hours. After 2 hours of digestion, turn off the reactor power and let the vials cool in the reactor for 
approximately 20 minutes to 120 °C or less. Invert each vial several times while still warm and put the 
vials in a tube rack to cool to room temperature. 
Colorimetric procedure: On HACH DR900 Spectrophotometer, start program 430 COD LR. Clean the 
blank sample cell and insert the blank into the cell holder. Push ZERO. The display shows 0 or 0.0 mg/L 
COD. Then, clean the prepared sample cell and insert the prepared sample into the cell holder. Push the 
READ button, and the results show in mg/L COD. The last step, record results. 
TP: Method 10127 
Molybdovanadate method, acid persulfate digestion: Start the DRB200 Reactor and preheat to 150 °C. 
Add 5.0 mL of deionized water to a Total Phosphorus Test Vial for preparing the blank. Transfer 5.0 
mL of sample to a Total Phosphorus Test Vial with a clean pipette. Add the contents of one Potassium 
Persulfate Powder Pillow to each vial. Put the cap on the vial and shake to dissolve the powder. Then, 
Insert the vial into the reactor, close the reactor, and start the instrument timer. A 30-minute reaction 




set the vials in a test tube rack, and let the vials cool to room temperature. After cooling is done, add 2 
mL of 1.54 N Sodium Hydroxide Standard Solution to each vial, put the cap on the vial, and invert to 
mix. After mixing, use a polyethylene dropper to add 0.5 mL of Molybdovanadate Reagent to each vial, 
put the cap on the vial, and invert to mix. After that, start the instrument timer. A 7-minute reaction time 
starts. Measure the sample on the HACH DR900 Spectrophotometer between seven and nine minutes 
after adding the Molybdovanadate Reagent.  
Colorimetric procedure: Start program 542 P Total HR TNT on HACH DR900 Spectrophotometer. 
Clean the blank vial. Push ZERO. The display shows 0.0 mg/L  𝑃𝑂4
3− . Insert the vial into the 16-mm 
cell holder. Clean the sample vial. Insert the vial into the 16-mm cell holder and push READ. Results 
show in mg/L 𝑃𝑂4
3−. Record results. 
NH3-N: Method 10031 
Test 'N Tube procedure: Add 0.1 mL of ammonia-free water to one AmVer™ Diluent Reagent Test 'N 
Tube for High Range Ammonia Nitrogen for preparing the blanks. Add 0.1 mL of sample to one 
AmVer™ Diluent Reagent Test 'N Tube for High Range Ammonia Nitrogen, one Ammonia Salicylate 
Reagent Powder Pillow for 5-mL samples to each vial, one Ammonia Cyanurate Reagent Powder Pillow 
to each vial, respectively. Put the caps on both vials. Shake thoroughly to dissolve the powder. Start the 
instrument timer. A 20-minute reaction time starts.  
Colorimetric procedure: Start program 343 N, Ammonia HR TNT on HACH DR900 Spectrophotometer. 
Clean the blank vial and insert the blank vial into the 16-mm cell holder. Push ZERO. The display 
shows 0.0 mg/L NH3-N.  Clean the sample vial and insert the sample vial into the 16-mm cell holder. 




Data collecting and presenting  
After analyzing all testing samples, the recorded concentration of chemical oxygen demand (COD), 
total phosphorus (TP), and ammonia nitrogen (NH3-N) for each test is shown in the following tables. 
Table 4 showed concentrations of  COD, TP, and NH3-N after bio-tower treatment with diluted cow 
manure solution pre-running at room temperature 20 °C.  Table 5 shows concentrations of  COD, TP, 
and NH3-N after bio-tower treatment without diluted cow manure solution pre-running at room 
temperature 20 °C. 
Table 4: Laboratory Benchtop Bio-Tower System testing data with diluted cow manure solution pre-
running at 20 °C. 
Feeding rate at 0.60 L/min (1904.8 Pound/day ) 
Time hour COD mg/L NH3-N mg/L TP mg/L 
0 130 12.5 5.4 
4 71 11.3 0.8 
8 45 10.6 0.9 
24 32 8 0.5 
72 29 0.8 0.7 
Feeding rate at 0.80 L/min (2539.7 Pound/day ) 
Time hour COD mg/L NH3-N mg/L TP mg/L 
0 55 9.2 1.6 
4 18 4.4 0.7 
8 14 3.1 0.2 
24 7 0.4 0.3 
Feeding rate at 1.00 L/min (3174.7 Pound/day ) 
Time hour COD mg/L NH3-N mg/L TP mg/L 
0 46 7.6 4.8 
4 16 3.9 2 
8 17 0.5 1.8 
24 14 0.3 1.5 
Feeding rate at 1.50 L/min (4762.0 Pound/day ) 
Time hour COD mg/L NH3-N mg/L TP mg/L 
0 57 11.5 3.7 
4 18 8.4 1.4 
8 14 3.3 1.1 





Table 5: Laboratory Benchtop Bio-Tower System testing data at 20 °C. 
Feeding rate at 1.56 L/min (4952.5 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 73 15.1 14.4 
2 `42 14.8 10.3 
4 38 14.2 10.2 
6 37 13.9 0.3 
8 35 13.4 0.3 
10 25 13.4 0.2 
24 24 13.3 0.2 
48 23 12.7 0 
Feeding rate at 1.98 L/min (6285.8 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 45 18.3 26 
2 38 17 20.6 
4 34 16.7 20.6 
6 30 16.7 20 
8 28 16.5 16.6 
10 28 16.4 14.6 
24 27 16 0.4 
48 15 15.7 0 
Feeding rate at 2.50 L/min (7936.6 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 60 25.4 32.4 
2 45 16.9 14.4 
4 37 16.2 11.4 
6 33 16.2 9.4 
8 29 16 8.5 
10 26 14.9 7.5 
24 12 14.4 0.3 
48 11 14.3 0 
Feeding rate at 3.00 L/min (9524.0 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 44 19.3 21.7 
2 40 19 11.1 
4 39 18.2 9.8 
6 37 18.2 7.8 
8 34 18.2 6.8 
10 34 17.8 5.7 
24 28 17.7 0.1 
48 10 17.6 0 
Feeding rate at 3.42 L/min (10857.3 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 35 16.5 24.4 
2 25 15.8 21 
4 24 15.7 13.8 
6 20 15 7.3 
8 20 15 2.2 
10 18 14.9 0.1 
24 9 14.5 0 







Feeding rate at 3.90 L/min (12381.2 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 111 15.1 21.7 
2 62 15 10.5 
4 59 14 10.3 
6 54 13.6 7.2 
8 46 12.9 3.1 
10 29 12.9 0.1 
24 23 12.8 0 
48 15 12.2 0 
Feeding rate at 4.51 L/min (14286.0 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 30 9.2 30.6 
2 25 6.4 20.5 
4 24 6.3 14.4 
6 23 5.2 10.3 
8 18 4.8 5.1 
10 16 4.7 0 
24 15 4.1 0 
48 10 4.1 0 
Feeding rate at 5.04 L/min (16000.3 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 43 12.9 31.3 
2 34 12.7 21.1 
4 31 12 16.1 
6 30 11.9 9.8 
8 29 11.7 4.7 
10 29 6.7 1.6 
24 21 6.5 0.5 
48 14 6.4 0.4 
Feeding rate at 5.75 L/min (18254.3 Pound/day ) 
Time hour COD mg/L TP mg/L NH3-N mg/L 
0 49 13.8 31.1 
2 38 9.8 21 
4 28 9.1 10.9 
6 28 8.9 10.8 
8 28 8.7 6.6 
10 22 8.5 0 
24 20 8.5 0 
48 16 8.5 0 
3.2.2 Packed Bio-Tower system testing 
Two sets of tests were carried out for the Packed Bio-Tower system. One was the bench line test. In 
this test, the Packed Bio-Tower system was operated when the continuous feeding stream from Primary 
Clarifier was shut down.  The system only used its recirculated wastewater (pumped from its system 




The other tests were tested when a continuous and constant feeding stream (wastewater) was pumped 
into the system. Rates of the feeding stream were adjustable through the control center. 
Sampling 
Testing samples of the Packed Bio-Tower system were all collected from the Minoa wastewater 
department. Table 6 shows that the first bench line test had nine samples and was collected every half 
hour in 4 hours from the system reservoir by a 2 L plastic bottle at 9.4 °C.  
In the second set of tests, samples were collected on different days when feeding rates were adjusted 
with the valve to 2000 gallons/d, 4,000 gallons/d, 8000 gallons/d, 12,000 gallons/d, 16,000 gallons/d, 
and 24,000 gallons/d respectively (12340 pound/day, 24680 pound/day, 49360 pound/day, 74040 
pound/day, 98720 pound/day, and 148080 pound/day) . As shown in Table 7, in the second set of tests, 
only two samples were collected through the 2-L plastic bottle under the designated feeding rate, an 
influent sample from the influent box, and the system reservoir's effluent sample. Table 7 also recorded 
the temperature of the day for sampling. All collected testing samples were labeled and stored in the 
refrigerator at temperature 0 °C for further tests of COD, total phosphorus, and ammonia nitrogen.  
Testing procedures 
Testing procedures for Packed Bio-Tower system testing samples were the same as the Laboratory 
Benchtop Bio-Tower System testing procedures. HACH DR900 Spectrophotometer and HACH 
DRB200 Reactor were used for analyzing the collecting samples for the concentration of COD, total 
phosphorus, and ammonia nitrogen. The analysis of testing samples followed by HACH Method 8000 
for COD (range 3 to 150 mg/L), HACH Method 10127 for TP (range 1.0 to 100.0 mg/L), and HACH 
Method 10031 NH3-N (range 0.4 to 50.0 mg/L). (HACH, 2014a; HACH, 2014b, and HACH, 2015).  





Data collecting and presenting 
After analyzing all test samples, the recorded concentration of chemical oxygen demand (COD), total 
phosphorus (TP), and ammonia nitrogen (NH3-N) for each test are shown in the following tables. Table 
6 showed COD and NH3-N concentrations within 4 hours of operation of the Packed Bio-Tower system 
with only one recirculating steam at the speed of 40 gallon/min (355392 pound/day), and Table 7 shows 
COD and NH3-N concentrations for the Packed Bio-Tower system with the constant recirculating flow, 
40 gallon/min (355392 pound/day), and increasing feed flow. 
Table 6: Packed Bio-Tower system bench line test  
Reservoir sample    
Time hour COD mg/L NH3-N mg/L Temperature °C 
0 41 6.2 9.4 
0.5 34 4.9 9.4 
1 31 1.5 9.4 
1.5 29 2.2 9.4 
2 29 0.7 9.4 
2.5 29 0.3 9.4 
3 29 0.4 9.4 
3.5 29 0 9.4 
4 28 0 9.4 
Influent Sample    
Time hour COD mg/L NH3-N mg/L Temperature °C 












Table 7: Packed Bio-Tower system testing with various feeding rate  
 COD mg/L NH3-N mg/L Temperature °C 
Feeding rate gallon/day Influent Effluent Influent Effluent  
2000 135 40 21.3 0.6 19.5 
 130 45 22.7 0.3  
 145 65 21.6 0.2  
4000 60 30 18.3 0.8 16.1 
 120 10 18.5 0.6  
 80 40 18.9 0.8  
8000 115 42 30.2 1.8 16.1 
12000 140 37 28.8 0.2 15.5 
16320 125 19 22.6 1.1 15.5 
24000 125 22 22 1.8 2.2 















Chapter 4: Results 
4.1 Laboratory Benchtop Bio-Tower System  
4.11 Laboratory Benchtop Bio-Tower System Test set 1 
The first testing set of the Laboratory Benchtop Bio-Tower System was to have the system pre-running 
with the diluted cow manure solution and then operated with wastewater collected from Minoa Village.  
The feeding rate (recirculating rate) was lower than the feeding rate of the next test set. As shown in 
Figures 4 to 6, under the feeding rate of 0.6 L/min, 0.8 L/min, 1.0 L/min, and 1.5 L/min  (1904.8 
pound/day, 2539.7 pound/day, 3174.7 pound/day, and 4762.0 pound/day), the Chemical Oxygen 
Demand (COD), Total Phosphorus (TP), and Ammonia Nitrogen (NH3-N) concentration decreased 
significantly in the first 10 hours.  
































Figure 5. Test set one: NH3-N concentration over time under different feeding rate  
 
 
Figure 6. Test set one: TP concentration over time under different feeding rate  
 
COD concentration dropped from 130.0 to 29.0 mg/L, TP dropped from 5.4 to 0.7 mg/L and NH3-N 
dropped from 12.5 to 0.8 mg/L at the feeding rate of 0.6 L/min. At the feeding rate of 0.8 L/min, COD 






















































from 9.2 to 0.4 mg/L. COD concentration dropped from 46.0 to 14.0 mg/L, TP dropped from 4.8 to 1.5 
mg/L, and NH3-N dropped from 7.6 to 0.3 mg/L at the feeding rate of 1.0 L/min. At the feeding rate of 
1.5 L/min, the COD concentration dropped from 57.0 to 11.0 mg/L, TP dropped from 3.7 to 0.6 mg/L, 
and NH3-N dropped from 11.5 to 0.6 mg/L. After 10 hours of system operation, the concentration rate 
decreasing for COD, TP, and NH3-N became slower, and their concentration was kept at a low level.   
Table 8. The test set one: Removal efficiency of different flow rate 
 Removal efficiency % 
Feeding rate L/min COD NH3-N TP 
0.60 77.69 93.60 87.04 
0.80 87.27 95.65 81.25 
1.00 69.57 96.05 68.75 
1.50 80.70 94.78 83.78 
 
Table. 8 showes the removal efficiency of the COD, NH3-N, and TP. With increasing of feeding rate 
from 0.6 L/ min to 1.5 L/min, COD removal efficiency increased from 77.69% to 87.27% at the feeding 
rate of 0.8 L/ min, then dropped to 69.57% at 1L/min and increased again to 80.7% at the feeding rate 
of 1.5 L/min.  
The NH3-N removal efficiency was stable from the changing feeding rate, with values of 93.6% at 0.6 
L/min, 95.65% at 0.8 L/min, 96.05% at 1.0 L/min, and 94.78% at 1.5 L/min. TP removal efficiency 
decreased from 87.04% at 0.6 L/min to 81.25% and 68.75% at the feeding rate of 0.8 L/ min and 1.0 
L/min and then climbed back to 83.78% at 1.5 L/min. 
Laboratory Benchtop Bio-Tower System showed good potential to remove the COD, TP, and NH3-N 
with diluted cow manure solutions' pre-running. To better describe the change of concentration for COD, 





Table 9 Regression models used for data fitting 
Regression model attempted Equation  Coefficient 
Linear regression y=ax+b a, b 
Quadratic Regression 2nd order polynomial y=ax2+bx+c a, b, c 
Quadratic Regression 3rd order polynomial y=ax3+bx2+cx+d a, b, c, d 
Exponential regression  y=a+b𝑒−𝑐𝑥 a, b, c 




 2𝑐2  
a, b, c 








a, b, c, d 
 
As shown in table 9, in the equation column, y represented the dependent variable, the concentration of 
COD, TP, NH3-N, and x represented the independent variable time. The coefficient a, b, c, d were 
different based on what regression was used. 
Among these regression models, the 4-parameter logistic regression model was found best to fit 
experimental data (MyCurveFit, 2020).  







+ 𝐷                                                                                                                                  (3) 
y represented the concentration of COD, TP, and NH3-N, x represented the time.  
The 4 estimated parameters consist of the following: 
A= concentrations of COD, TP, and NH3-N in the influent (before going into the system), 




C = concentrations of COD, TP, and NH3-N at the point microorganism growth slow down because of 
lacking organics for food, 
B = Concentration change rate at point C for COD, TP, and NH3-N. 
4-parameter logistic regression model for COD concentration over time (fitting curve see 
appendix 1 to 4). 
At feeding rate of 0.6 L/min, COD concentration = (130.00 - 30.04) / [1 + (x/3.33)1.98] + 30.04                           
with coefficient of determination (R2) equaled to 0.9999; at feeding rate of 0.8 L/min, COD 
concentration = (55.00 + 159.01) / [1 + (x/22717)0.18] – 159.01 and R2 equaled to 0.9999; at feeding 
rate of 1.0 L/min, COD concentration = (2694.53 - 7.36) / [1 + (x/2.22E-13)0.18] + 7.36 and R2 equaled 
to 0.9965; at feeding rate of 1.5 L/min, COD concentration = (57.07 - 9.49) / [1 + (x/0.94)1.06] + 9.49 
and R2 equaled to 0.9999. 
4-parameter logistic regression model for NH3-N concentration over time fitting curve see 
appendix 5 to 8. 
 At feeding rate of 0.8 L/min, NH3-N concentration = (9.62 +111.31) / [1 + (x/39211.49)
0.34] – 111.31                             
with coefficient of determination (R2) equaled to 0.9999; at feeding rate of 1.0 L/min, NH3-N 
concentration = (7.60 -0.27) / [1 + (x/4.07)3.59] + 0.27 and R2 equaled to0.9955; at feeding rate of 1.5 
L/min, NH3-N concentration = (11.89 +0.83) / [1 + (x/3.88)
0.80] – 0.83 and R2 equaled to 0.8650 
For feeding rate of 0.6 L/min, the Polynomial Regression Model was used to best fit the data 
(MyCurveFit, 2020). NH3-N concentration = 12.45 – 0.27x + 0.0035x
2 with coefficient of determination 
(R2) equaled to 0.9976 (x represents time). 
4-parameter logistic regression model for TP concentration over time (fitting curve see appendix 




At feeding rate of 0.6 L/min, TP concentration = (214.09 + 0.23) / [1 + (x/9.46)0.21] – 0.22                                         
with coefficient of determination (R2) equaled to 0.9978; at feeding rate of 0.8 L/min, TP concentration 
= (1.60 - 0.19) / [1 + (x/2.84)2.48] + 0.19 and R2 equaled to 0.9999; at feeding rate of 1.0 L/min, TP 
concentration = (33.39 +2.21) / [1 + (x/4.05)0.08] – 2.21 and R2 equaled to 0.9955; at feeding rate of 1.5 




















4.12 Laboratory Benchtop Bio-Tower System Test set 2 
The second testing set was the operating system running with wastewater collected from Minoa Village 
under the higher feeding rate (recirculating rate) compared to the previous test set's feeding rate. As 
shown in Figure 7 to 9, under the feeding rate of 1.56 L/min, 1.98 L/min, 2.50 L/min, 3.00 L/min, 3.42 
L/min, 3.90 L/min, 4.51 L/min, 5.40 L/min, and 5.75 L/min (4952.5 pound/day, 6285.8 pound/day, 
7936.6 pound/day, 9524.0 pound/day, 10857.3 pound/day, 12381.2 pound/day, 14286.0 pound/day, 
16000.3 pound/day, and 18254.3 pound/day), the Chemical Oxygen Demand (COD), and Ammonia 
Nitrogen (NH3-N) concentration decreased significantly at first 10 hours. After 10 hours of system 
operation, the rate of decrease of concentration for COD and NH3-N became slower, and their 
concentration was kept at a low level.   
COD concentration dropped from 73.0 to 23.0 mg/L, and NH3-N dropped from 14.4 to 0 mg/L at the 
feeding rate of 1.56 L/min. At the feeding rate of 1.98 L/min, COD concentration dropped from 45.0 to 
15.0 mg/L, and NH3-N dropped from 26.0 to 0 mg/L. COD concentration dropped from 60.0 to 11.0 
mg/L, and NH3-N dropped from 32.4 to 0 mg/L at the feeding rate of 2.5 L/min. At the feeding rate of 
3.0 L/min, the COD concentration dropped from 44.0 to 10.0 mg/L, and NH3-N dropped from 21.7 to 
0 mg/L. At the feeding rate of 3.42 L/min, COD concentration dropped from 35.0 to 8.0 mg/L, and 
NH3-N dropped from 24.4 to 0 mg/L. COD concentration dropped from 111.0 to 15.0 mg/L, and NH3-
N dropped from 21.7 to 0 mg/L at the 3.9 L/min feeding rate. At the feeding rate of 4.51 L/min, COD 
concentration dropped from 30.0 to 10.0 mg/L, and NH3-N dropped from 30.6 to 0 mg/L. COD 
concentration dropped from 43.0 to 14.0 mg/L, and NH3-N dropped from 31.3 to 0.4 mg/L at the feeding 
rate of 5.04 L/min. At the feeding rate of 5.75 L/min, COD concentration dropped from 49.0 to 16.0 




The TP concentration also decreased in the first 10 hours and became stable after 10 hours. Unlike the 
significant COD and NH3-N concentration changes in the first 10 hours, TP concentration changes were 
much smaller in the first 10 hours.  TP concentration dropped from 15.1 mg/L to 12.7 mg/L at the 
feeding rate of 1.56 L/min, 18.3 mg/L to 15.7 mg/L at the feeding rate of 1.98 L/min, 25.4 mg/L to 14.3 
mg/L at the feeding rate of 2.50 L/min, 19.3 mg/L to 17.6 mg/L at the feeding rate of 3.00 L/min, 16.5 
mg/L to 14.4 mg/L at the feeding rate of 3.42 L/min, 15.1 mg/L to 12.2 mg/L at the feeding rate of 3.90 
L/min, 9.2 mg/L to 4.1 mg/L at the feeding rate of 4.51 L/min, 12.9 mg/L to 6.4mg/L at the feeding rate 
of 5.04 L/min, and 13.8 mg/L to 8.5 mg/L at the feeding rate of 5.75 L/min. 
 





























1.56 L/min 1.98 L/min 2.5 L/min 3.0 L/min 3.42 L/min




Figure 8. Test set two: NH3-N concentration over time under different feeding rate 
 






























Time hour1.56 L/min 1.98 L/min 2.50 L/min 3.00 L/min 3.42 L/min
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Table. 10 showed the removal efficiency of the COD, NH3-N, and TP. With the increasing feeding rate 
from 2.56 L/ min to 5.75 L/min, COD removal efficiency increased from 68.49% to 81.67% from a  
feeding rate of 1.56 L/ min to 2.50 L/min then dropped to around 77.00% at 3.00 L/min and 3.42 L/min. 
When the feeding rate increased to 3.9 L/min, the COD removal efficiency increased to 86.49%. Then, 
COD removal efficiency remained at 67% at the feeding rate of 4.51 L/min, 5.04 L/min, and 5.75 L/min. 
The NH3-N removal efficiency was stable from the feeding rate changing, with values of 100.00% at 
1.56 L/min, 1.98 L/min, 2.50 L/min, 3.00 L/min, 3.42 L/min, 3.90 L/min, 4.51 L/min, 5.75 L/min, and 
98.72% at 5.04 L/min. TP removal efficiency ranged from 8.81% at the feeding rate of 3.00 L/min to 
55. 43% at the feeding rate of 4.51L/min. 5 out of 9 removal efficiency for tests were under 20%, and 
the rest 4 were near 50% or less than 50%. 
Table 10. Test set two: Removal efficiency under different feeding rate 
 Removal efficiency % 
Feeding rate L/min COD NH3-N TP 
1.56 68.49 100.00 15.89 
1.98 66.67 100.00 14.21 
2.50 81.67 100.00 43.70 
3.00 77.27 100.00 8.81 
3.42 77.14 100.00 12.73 
3.90 86.49 100.00 19.21 
4.51 66.67 100.00 55.43 
5.04 67.44 98.72 50.39 
5.75 67.35 100.00 38.41 
 
Laboratory Benchtop Bio-Tower System showed an excellent ability to remove the COD and NH3-N. 
To better describe the change of concentration for COD, TP, and NH3-N over time (hour), regression 






Table 11 Regression models used for data fitting 
Regression model attempted Equation  Coefficient 
Linear regression y=ax+b a, b 
Quadratic Regression 2nd order polynomial y=ax2+bx+c a, b, c 
Quadratic Regression 3rd order polynomial y=ax3+bx2+cx+d a, b, c, d 
Exponential regression  y=a+b𝑒−𝑐𝑥 a, b, c 




 2𝑐2  
a, b, c 








a, b, c, d 
As shown in table 9, in the equation column, y represented the dependent variable, the concentration of 
COD, TP, NH3-N, and x represented the independent variable time. The coefficient a, b, c, d were 
different based on what regression was used. 







+ 𝐷                                                                                                                                  (3) 
y represented the concentration of COD and NH3-N, x represented the time.  
The 4 estimated parameters consist of the following: 
A= concentrations of COD, TP, and NH3-N in the influent (before going into the system), 
D = concentrations of COD, TP, and NH3-N in the effluent (after treatment), 
C = concentrations of COD, TP, and NH3-N at the point microorganism growth slow down because of 
lacking organics for food, 
B = Concentration change rate at point C for COD, TP, and NH3-N. 
4-parameter logistic regression model for COD concentration over time (fitting curve see 




At feeding rate of 1.56 L/min, COD concentration = (73.73 - 13.65) / [1 + (x/1.91)0.58] + 13.65 with 
coefficient of determination (R2) equaled to 0.9722; at feeding rate of 1.98 L/min, COD concentration 
= (45.00 – 19.48) / [1 + (x/5.33)1.67] – 19.48 and R2 equaled to 0.8987; at feeding rate of 2.5 L/min, 
COD concentration = (60.01 – 1.94) / [1 + (x/6.49)0.95] + 1.94 and R2 equaled to 0.9923; at feeding 
rate of 3.42 L/min, COD concentration = (35.65 + 8.22) / [1 + (x/16.96)0.62] – 8.22 and R2 equaled 
to 0.9767; at feeding rate of 3.90 L/min, COD concentration = (112.33 + 24.45) / [1 + (x/7.48)0.52] 
– 24.45 and R2 equaled to 0.9711; at feeding rate of 4.50 L/min, COD concentration = (30.06 – 5.98) 
/ [1 + (x/10.10)0.94] + 5.98 and R2 equaled to 0. 9491; at feeding rate of 5.04 L/min, COD 
concentration = (45.01 +7.41E+14) / [1 + (x/3.08E+40)0.34] – 7.41E+14 and R2 equaled to 0.9902; 
at feeding rate of 5.75 L/min, COD concentration = (49.24 – 13.99) / [1 + (x/3.58)0.97] – 6.45 and 
R2 equaled to 0.9711. 
For the feeding rate of 3.00 L/min, the Linear Regression Model was used best to fit the data 
(MyCurveFit, 2020). COD concentration = 41.54 – 0.65 x  with coefficient of determination (R2) 
equaled to 0.9776 (x represents time). 
4-parameter logistic regression model for NH3-N concentration over time (fitting curve see 
appendix 22 to 30). 
At feeding rate of 1.56 L/min, NH3-N concentration = (14.40 + 0.30) / [1 + (x/3.97)2.53] – 0.30 with 
coefficient of determination (R2) equaled to 0.8927; at feeding rate of 1.98 L/min, NH3-N concentration 
= (26.00 + 10.16) / [1 + (x/16.45)1.23] – 10.16 and R2 equaled to 0.9482; at feeding rate of 2.5 L/min, 
NH3-N concentration = (33.73 + 16.93) / [1 + (x/7.17)0.41] - 16.93 and R2 equaled to 0.9914; at 




R2 equaled to 0.9855; at feeding rate of 3.42 L/min, NH3-N concentration = (24.40 + 0.40) / [1 + 
(x/4.34)2.47] - 0.40 and R2 equaled to 0.9866; at feeding rate of 3.90 L/min, NH3-N concentration = 
(21.79 + 2.00) / [1 + (x/2.89)1.09] - 2.00 and R2 equaled to 0.9452; at feeding rate of 4.50 L/min, 
NH3-N concentration = (30.60 + 1.21) / [1 + (x/3.60)1.67] - 1.21 and R2 equaled to 0. 9755; at 
feeding rate of 5.04 L/min, NH3-N concentration = (31.30 +0.49) / [1 + (x/3.59)1.73] –0.49 and R2 
equaled to 0.9811; at feeding rate of 5.75 L/min, NH3-N concentration = (31.10 + 1.24) / [1 + 
(x/3.29)1.56] + 1.24  and R2 equaled to 0.9711. 
4-parameter logistic regression model for TP concentration over time (fitting curve see appendix 
31 to 39). 
At feeding rate of 1.56 L/min, TP concentration = (15.13 + 12.87) / [1 + (x/5.02)1.74] – 12.87 with 
coefficient of determination (R2) equaled to 0.9639; at feeding rate of 1.98 L/min, TP concentration = 
(12.30 + 10.32) / [1 + (x/591.55)0.29] – 10.32 and R2 equaled to 0.9971; at feeding rate of 2.5 L/min, 
TP concentration = (25.40 + 11.43) / [1 + (x/0.55)0.32] - 11.43 and R2 equaled to 0.9932; at feeding 
rate of 3.00 L/min, TP concentration = (19.33  + 17.61) / [1 + (x/3.75)1.65] – 17.61 and R2 equaled 
to 0.9534; at feeding rate of 3.42 L/min, TP concentration = (16.48 + 14.27) / [1 + (x/4.52)1.25] - 
14.27 and R2 equaled to 0.9717; at feeding rate of 3.90 L/min, TP concentration = (15.16 + 12.46) / 
[1 + (x/4.82)2.45] - 12.46 and R2 equaled to 0.9701; at feeding rate of 4.50 L/min, TP concentration 
= (9.18 + 3.64) / [1 + (x/2.39)0.94] - 3.64 and R2 equaled to 0. 9781; at feeding rate of 5.04 L/min, 
TP concentration = (12.37 + 6.45) / [1 + (x/8.74)23.10] –6.45 and R2 equaled to 0.9879; at feeding 





4.2 Packed Bio-Tower system testing 
4.21 Packed Bio-Tower system Test set 1 
The first test set of  the Packed Bio-Tower system was the bench line test. In this test, the Packed Bio-
Tower system was operated when the continuous feeding stream from Primary Clarifier was shut down.  
The system only used its recirculated wastewater (pumped from its system reservoir) as feeding a stream.  
Both concentrations of COD and NH3-N went down in the first 2 hours and became stable, as shown in 
Figure 10. In 4 hours of the system operation, COD concentration decreased from 41.0 mg/L to 28.0 
mg/L, and NH3-N concentration dropped from 6.2 mg/L to 0 mg/L. The COD concentration and NH3-
N for the influent were 157 mg/L and 22.2 mg/L. The removal efficiency of COD and NH3-N was 
73.88% and 100%.  
 
Figure 10. COD and NH3-N concentration overtime 
 
The Packed Bio-Tower system showed a remarkable ability to remove the COD and NH3-N from 
wastewater. Multiple regression models, listed in table 9, were used to describe COD and NH3-N 









































Table 12 Regression models used for data fitting 
Regression model attempted Equation  Coefficient 
Linear regression y=ax+b a, b 
Quadratic Regression 2nd order polynomial y=ax2+bx+c a, b, c 
Quadratic Regression 3rd order polynomial y=ax3+bx2+cx+d a, b, c, d 
Exponential regression  y=a+b𝑒−𝑐𝑥 a, b, c 




 2𝑐2  
a, b, c 








a, b, c, d 
As shown in table 9, in the equation column, y represented the dependent variable, the concentration of 







+ 𝐷                                                                                                                                  (3) 
y represented the concentration of COD and NH3-N, x represented the time.  
The 4 estimated parameters consist of the following: 
A= concentrations of COD and NH3-N in the influent (before going into the system), 
D = concentrations of COD and NH3-N in the effluent (after treatment), 
C = concentrations of COD and NH3-N at the point microorganism growth slow down because of 
lacking organics for food, 
B = Concentration change rate at point C for COD and NH3-N. 
4-parameter logistic regression model for COD concentration over time (fitting curve see 
appendix 40). 




(R2) equaled to 0.9914. 
4-parameter logistic regression model for NH3-N concentration over time (fitting curve see 
appendix 41). 
NH3-N concentration =(6.20 + 0.38) / [1 + (x/0.71)1.48] – 0.38, with coefficient of determination 
(R2) equaled to 0.9348.                        
 
4.22 Packed Bio-Tower system Test set 2 
The second test set was carried out when a continuous and constant feeding stream (wastewater) was 
pumped into the system. Rates of the feeding stream were adjustable through the control center. The 
total feeding rate included the feeding rate (2000 gallons/d, 4,000 gallons/d, 8000 gallons/d, 12,000 
gallons/d, 16,000 gallons/d, and 24,000 gallons/d) and the recirculating rate (576000 gallon/day). Table 
10 showed the removal efficiency under different total feeding rates. The COD removal efficiency 
increased from 63.42% to 84.80% as the total feeding rating increased from 59600 gallon/day to 73920 
gallon/day. COD removal efficiency dropped to around 82.00% when the total feeding rate increased 
to 81600 gallon/day and 115200 gallon/day.   
The NH3-N removal efficiency was very stable at over 90%.  
 
Table 13. Test set two: Removal efficiency under different total feeding rate 
 Removal Efficiency % 
Total Feeding rate gallon/day COD NH3-N 
59600 63.42 98.31 
61600 69.23 96.07 
65600 63.48 94.04 
69600 73.57 99.31 
73920 84.80 95.13 
81600 82.40 91.82 





Chapter 5: Discussion 
5.1 Bio-Tower System  
5.11 Bio-Tower System Performance  
As a secondary treatment process, the bio-tower system aims to remove most biological oxygen demand 
(BOD) substances. Other than BOD, microorganisms in the bio-tower can reduce the nitrogen in the 
wastewater through the nitrification process. Figure 11 showed the bio-tower system operating in 
summer and winter. 
Figure 11. Packed Bio-Tower System 
Both Laboratory Benchtop Bio-Tower System and the Packed Bio-Tower System showed the 
extraordinary ability to remove over 90% Ammonia Nitrogen (NH3-N). The treated wastewater by the 
Bio-Tower systems had the concentration of NH3-N equaled or was less than 0.4 mg/L. Both systems 
met the discharge limit of NH3-N: 30-Day Arithmetic Mean of 31 mg/L for Ammonia as NH3 (DEC, 
2014).  
The Laboratory Benchtop Bio-Tower System and the Packed Bio-Tower System also showed the 




concentration ranging from 7 to 30 mg/L for The treated wastewater. COD level could convert to BOD 
based on the previous study, BOD to the COD ratio ranged from 0.4 to 0.8 for municipal raw wastewater 
(Abdalla & Hammam, 2014). Therefore, the COD concentration equaled 1.25 to 2.5 times of BOD 
concentration, and BOD removal efficiency equaled COD removal efficiency. The treated wastewater 
by the Bio-Tower systems had a concentration of COD ranged from 7 to 30 mg/L, which could be 
converted to a BOD concentration ranged from 2.8 to 24 mg/L. As the regulated (CFR, 2005b; DEC, 
2014) municipal wastewater discharge limits for BOD were 30 mg/L for monthly average, 45 mg/L for 
weekly average. Both Bio-Tower Systems are capable of meeting the discharge limits of the New York 
State and the EPA.  
The bio-tower system itself had a limited ability to remove the total phosphorus. In the Laboratory 
Benchtop Bio-Tower System test set two, TP removal efficiency ranged from 8.81% at the feeding rate 
of 3.00 L/min to 55. 43% at the feeding rate of 4.51L/min. 5 out of 9 results of removal efficiency for 
tests were under 20%, and the rest 4 were near 50% or less than 50%. Because of the low removal rate 
of total phosphorus in the Laboratory Benchtop Bio-Tower System, the Packed Bio-Tower System tests 
only used Chemical Oxygen Demand (COD) and  Ammonia Nitrogen (NH3-N) as wastewater quality 
indexes.  
On the contrary, another test set conducted by the Laboratory Benchtop Bio-Tower System had an 
excellent performance on TP removal. The average TP removal rate was around 80%. The system had 
a much higher removal rate because the Laboratory Benchtop Bio-Tower System had a pre-ran 
operation with a diluted cow manure solution. The diluted cow manure solution formed a cover of 




of bacteria in the brown cover might have been responsible for the higher removal  rate for total 
phosphorus.  
5.12 Bio-Tower System modification 
The Laboratory Benchtop Bio-Tower System and the Packed Bio-Tower System can reduce up to 90% 
of the Ammonia Nitrogen (NH3-N).  In terms of BOD removal, both Bio-Tower Systems had a 65% to 
85% BOD removal efficiency, which could not meet the EPA (CFR, 2005b) regulation for a more than 
85% removal. To improve efficiency for BOD removal, the bio-tower design model provided multiple 
approaches. 






𝑇𝐻𝐿𝑛                                                                                                (1) 
Where, 
𝑆𝑒=soluble BOD in bio-tower effluent stream (mg/L), 
𝑆𝑖 = soluble BOD in bio-tower influent stream (mg/L), 
k = overall treatability coefficient based on wastewater property (unit day-1 if n=1),  
D = media depth (m),   




 (2), 𝑄𝑖𝑛=influent flowing from upstream unit processes in m
3/s, 𝑄𝑅= recirculation 
stream in m3/s, A=cross-sectional area of reactor (m2). The ratio of the returned flow to the incoming 
flow is called the recirculation ratio. For plastic media, the ratio is between 0 to 1. 
 




m, n= coefficient. m and n were usually cited from 0.5 to 1.0, with 1.0 the most mentioned value of m. 
0.5 and 0.67 are the most common values for n (Stenquist et al., 1980).  
The effect of temperature on the k𝑠 may be estimated from the following equation: (Stenquist et al., 
1980): 
𝑘𝑇 = 𝑘20 θ
(𝑇−20)                                                                                                                              (2)                                                                    
θ is the temperature coefficient. θ has a value of 1.135 between 4°C and 20 °C and 1.056 between 
20 °C and 30 °C (Schroepfer, et al., 1964).  
The typical value for k for raw sewage is 0.35 to 0.70 
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𝑆𝑒
𝑆𝑖
= 1 − 𝐸                                                                                               (7) 
Combine equation (5) and (7): 
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for an 85% removal efficiency,  
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sides of equation ten higher. So, the design parameters in the Bio-Tower needed to be changed to meet 
the higher removal efficiency. Table 11 described the design facts for both Bio-Tower systems. To be 
more specific, increasing filling material depth, filling material specific surface area, bio-tower’s cross-
sectional area, and decreasing the incoming feeding rate and recirculating rate could, theoretically, 
achieve higher removal efficiency. However, the bio-tower design model was an empirical model based 
on a large amount of operating data. It still needed to be tested for the Bio-Tower system's suitability 
due to the lack of available data. For example, in the study, the increasing feeding rate or recirculating 
rate for both systems did not decrease the removal rate but increase it.  
Table 14 Bio-Tower System design fact 
Parameter Laboratory Bio-Tower System  Packed Bio-Tower system 
Filling material specific surface 
area m2/m3 157 157 
Cross-sectional area m2 (0.09/2)2*π (1.22/2)2* π 
Media depth m 0.5 3.05 
m 1 1 
n 0.5 or 0.67 0.5 or 0.67 
θ 1.135 between 4°C and 20 °C  1.135 between 4°C and 20 °C  
k at 20 °C Range from 0.35 to 0.70  Range from 0.35 to 0.70 
 
5.14 Bio-Tower System Potentials 
Bio-Tower System had proved itself the excellent potential for wastewater treatment in the study. First, 
the system can quickly and efficiently remove up to 65% to 85% COD in 10 hours, 90% NH3-N in 10 
hours. It can also remove 80% TP in 10 hours if the system has a pre-running of diluted cow manure 
solution. Thus, the bio-tower effluent in the study could comply with the effluent discharge limit. 
Previous studies in this project showed that the system worked well at the temperature ranged from 




the Bio-Tower system is more likely a closed system and has little contact with the outside environment. 
Also, the bio-tower system used in the study is small. The cost would be cheap compared to the regular 
trickling filter. The cost of building conventional Trickling Filters is expensive. For example, for a 
trickling filter with one million gallon/day of wastewater flow, the total cost is near 0.9 million dollars, 
which contains 0.76 M for construction, 0.05 M for labor, 0.063 for operation and maintenance,  and 
0.009 M for materials (EPA, 2000).  
The bio-tower system can tolerate more BOD load. In the study of Packed Bio-Tower, with the 
increasing feeding rate from 2000 gallon/day to 24000 gallon/day, BOD removal rate did not decrease 
but increase from around 63% to 82%. The capacity of the BOD load the system has to be tested in a 
future study. 
5.2 Limitations of the study 
5.21 Inconsistency concentration 
The sample collection and storage deeply impacted the initial COD, TP, and NH3-N concentrations. 
From previous tests, the average COD and NH3-N concentration in influent for the Laboratory Benchtop 
Bio-Tower System was much smaller than the average COD and NH3-N concentration in influent for 
the Packed Bio-Tower system. The inconsistency concentration may be due to microbial in wastewater 
that had already consumed part of the organic materials during transportation. It could also result from 
the storage period that the temperature was not low enough to freeze the microorganisms' activities. So, 
wastewater samples needed to be treated with appropriate methods (for instance, seal the collecting 
container, keep the temperature around 2 °C to 6 °C for transportation and storage ) to maintain them 




collecting it at the Minoa Wastewater Department. This method will avoid transportation and keep the 
wastewater sample fresh. 
One more reason that leads to the concentration difference may be the wastewater itself. Wastewater 
samples were collected on different days during the testing period. Wastewater was different every day 
and hour due to the inconsistency of the flow and composition. The inconsistency of the flow and 
composition could change the initial COD, TP, and NH3-N concentrations. The historical data (2005 to 
2008, see appendix 40) showed that in the Minoa area, the average influent COD concentration 
increased from 100mg/L in January to around 300mg/L in October and dropped back to around 100 
mg/L in next January. Same patterns for TP (3mg/L to 7mg/L) and NH3-N (12 mg/L to 40mg/L) 
concentrations.  
5.22 Small datasets 
The four-parameter logistic regression model and the bio-tower design model in this study were 
empirical models based on observation and experiment. 
In the study, the relationship between concentration (COD, NH3-N, and TP) and time can be described 
through the 4-parameter logistic regression model with a coefficient of determination (R2) around 
0.9999. In curve fitting processes, only 4 to 9 data points were used. The small dataset may not fully 
describe the whole biological process. In The Laboratory Benchtop Bio-Tower System study, the 
concentration (COD, NH3-N, and TP) dropped significantly in the first 10 hours. More samples should 
be collected during this period, more like every taking sample every 10 mins or 20 mins. Also, in the 
Packed Bio-Tower system, the bench line test should be done within an entire operation time rather 




As mentioned in the previous section, the bio-tower design model described the relationship between 
removal efficiency and filling material depth, filling material specific surface area, bio-tower's cross-
sectional area. The coefficient (exponent) m,n, and k were estimated based on many operation data for 
a particular trickling design but not the Bio-Towers in this study. So, more tests need to be done to 
define the coefficient (exponent) m,n, and k based on the design of Bio-Towers in this study. 
5.3 Future studies 
Future studies should focus more on validating the four-parameter logistic regression model with more 
datasets in different seasons. For the Laboratory Benchtop Bio-Tower System, more samples should be 
taken within the first 10 hours to generate enough data points to curve fitting under different flow rates. 
After validating the four-parameter logistic regression model, more tests should be conducted under 
different seasons because of the inconsistency of concentration (COD, NH3-N, and TP). For the Packed 
Bio-Tower System, more testing samples also need to be collected in one operation cycle under multiple 
feeding rates to validate the four-parameter logistic regression model. Once collecting all data from 
different seasons, create a unified four-parameter logistic regression model for all circumstances for 
one certain designed Bio-Tower. 
It is also essential to figure out the operation limit (capacity of BOD load) of the bio-tower system for 
the same configuration. In the study of Packed Bio-Tower, with the increasing feeding rate from 2000 
gallon/day to 24000 gallon/day, BOD removal rate did not decrease but increase from around 63% to 
82%. There still is space for more feeding flow. Another reason to find out the operation limit (capacity 
of BOD load) of the bio-tower system is that a much higher feeding flow would cause a possible 




performance.  So, the determination of the highest flow rate the bio-tower system can take would be 
studied in the future. Tests should only be done by increasing the system feeding rate and analyzing the 
removal efficiency for COD, NH3-N, and TP.  
It is beyond the scope of this study to acknowledge the microbes in Bio-Towers. Laboratory Benchtop 
Bio-Tower System used a diluted cow manure solution in the first test set to form a brown bacteria 
cover and then operated the wastewater system. Compared to other test sets, this set with brown bacteria 
cover can reduce 70% to 87% of total phosphorus (TP). The identification of the microbial would 
undoubtedly help in TP removal in wastewater treatment. 
Future studies should also consider Brentwood Cross-Fluted 1900 Film Fill's study regarding its 
efficiency or ability over time because this study was treated in ideal condition. With operation time 













Chapter 6: Conclusion 
This dissertation aimed to figure out the abilities of the Laboratory Benchtop Bio-Tower System and 
the Packed Bio-Tower system to remove the Chemical Oxygen Demand (COD), Ammonia Nitrogen 
(NH3-N), and Total Phosphorus (TP) under various feeding rate (Recirculating rate). 
In the study, the Laboratory Benchtop Bio-Tower System with a pre-running of diluted cow manure 
solution can remove up to 60% to 80% Chemical Oxygen Demand (COD), over 90% Ammonia 
Nitrogen (NH3-N), and 60% to 80% Total Phosphorus (TP)  under the flow rate of 0.60 L/min, 0.80 
L/min, 1.00 L/min, and 1.50 L/min within 10 hours. The increasing flow rate (recirculating rate)  did 
not have a relationship with the removal ability. While for the Laboratory Benchtop Bio-Tower System 
operating without having a  diluted cow manure pre-running under the flow rate (recirculating rate) of 
1.56 L/min, 1.98 L/min, 2.50 L/min, 3.00 L/min, 3.42 L/min, 3.90 L/min, 4.51 L/min, 5.40 L/min, and 
5.75 L/min showed that the system could remove 60% to 85% Chemical Oxygen Demand (COD), over 
90% Ammonia Nitrogen (NH3-N). The COD removal ability increased first and then decreased with 
the increasing flow rate (recirculating rate). The NH3-N removal ability was stable under the different 
flow rates (recirculating rate). The system’s ability for Total Phosphorus (TP) removal was not 
significant, 5/9 removal results were under 20%, and 4/9 removal results were around 50%. So the pre-
running of diluted cow manure solution can help improve the Total Phosphorus (TP) removal up to 10% 
to 60%. 
Unlike the Laboratory Benchtop Bio-Tower System, the Packed Bio-Tower system had a continuous 
and constant feeding stream beside the recirculating stream. The Packed Bio-Tower system could 




N) under the adjustable feeding rate of  2000 gallons/d, 4,000 gallons/d, 8000 gallons/d, 12,000 
gallons/d, 16,000 gallons/d, and 24,000 gallons/d. The removal efficiency of NH3-N was stable under 
various feeding rates. COD's removal efficiency increased with the feeding stream from 60% to 85% 
and was stable at 82% with the increasing feeding stream.   
The bio-tower system’s efficiency can be theoretically improved by increasing filling material depth, 
filling material specific surface area, bio-tower’s cross-sectional area, and decreasing the incoming 
feeding rate and recirculating rate. This study also found the 4-parameter logistic regression model can 
best describe the Chemical Oxygen Demand (COD), Ammonia Nitrogen (NH3-N), and Total 
Phosphorus (TP) concentration change over time for both The Laboratory Benchtop Bio-Tower System 
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Feeding rate at 0.60 L/min






























Appendix 11. Fitting Curve for TP Under the Feeding Rate at 1.00 L/min 
 
 



































































































































































Appendix 40. Minoa Village Wastewater Department Influent Data  
Date BOD mg/L  NH3 mg/L TP mg/L Date BOD mg/L  NH3 mg/L TP mg/L 
01/01/05 168 14.5 2.41 01/01/06 119 11.3 3.67 
01/01/05 127 19.2 3.37 01/01/06 132 19.3 4.33 
02/01/05 169 22.2 6.54 02/01/06 129 8.49 3.33 
02/01/05 133 12.1 3.89 02/01/06 155 18.8 4.79 
03/01/05 138 19.1 6.28 03/01/06 174 20.4 5.34 
03/01/05 117 11.0 3.84 03/01/06 179 23.5 6.60 
04/01/05 108 9.04 3.18 04/01/06 155 12.7 3.62 
04/01/05 151 13.3 4.15 04/01/06 174 18.0 4.28 
05/01/05 120 13.8 4.41 05/01/06 191 21.2 5.96 
05/01/05 149 17 4.79 05/01/06 240 24.8 7.56 
06/01/05 216 27.6 5.92 06/01/06 153 24.6 4.87 
06/01/05 216 31.1 6.55 06/01/06 219 34.6 23.70 
07/01/05 240 29.6 6.42 07/01/06 155 26.2 7.81 
07/01/05 189 24.1 9.37 07/01/06 200 36.1 5.44 
08/01/05 228 30.9 6.92 08/01/06 151 21.8 5.15 
08/01/05 210 31.4 5.66 08/01/06 181 27.7 4.74 
09/01/05 168 24.9 4.67 09/01/06 312 34.4 6.06 
09/01/05 210 34.8 6.90 09/01/06 179 30.7 5.79 
10/01/05 240 35.8 7.15 10/01/06 221 30.1 6.11 
10/01/05 180 19.8 6.73 10/01/06 225 32.4 6.11 
11/01/05 186 25.0 5.23 11/01/06 153 18.3 3.90 
11/01/05 179 26.4 6.11 11/01/06 123 19.6 4.53 
12/01/05 105 17.0 4.08 12/01/06 105 14.4 4.70 
12/01/05 138 13.9 4.40 12/01/06 122 20.6 4.63 
Date BOD mg/L  NH3 mg/L TP mg/L Date BOD mg/L  NH3 mg/L TP mg/L 
01/01/07 232 19.1 4.6 01/01/08 102 12.0 2.94 
01/01/07 115 12.3 4.7 01/01/08 126 16.1 3.77 
02/01/07 126 17.0 4.6 02/01/08 108 12.9 3.72 
02/01/07 176 23.6 5.6 02/01/08 148 16.6 4.12 
03/01/07 117 16.7 4 03/08/08 129 8.5 2.75 
03/01/07 66 8.7 2.50 03/08/08 167 14.7 4.43 
04/01/07 75 10.5 3.1 04/08/08 126 13.3 3.82 
04/01/07 87 11.5 2.8 04/08/08 121 16.5 3.24 
05/01/07 105 14.3 3.6 05/08/08 165 23.7 8.34 
05/01/07 153 19.3 5.4 05/08/08 226 27.0 5.53 
06/01/07 133 24.5 4.7 06/08/08 144 32.2 6.05 
06/01/07 160 26.7 5.5 06/08/08 132 36.9 5.85 
07/01/07 204 34.4 6.1 07/08/08 184 32.1 6.31 
07/01/07 210 32.4 5.7 07/08/08 170 28.7 4.89 
08/01/07 193 32.0 5.6 08/08/08 252 37.0 6.69 
08/01/07 181 14.2 5.3 08/08/08 187 33.4 5.43 
09/01/07 237 34.8 6.5 09/08/08 312 40.9 7.52 
09/01/07 211 35.4 5.8 09/08/08 300 38.1 7.55 
10/01/07 228 36.9 6.9 10/08/08 218 35.7 6.44 
10/01/07 240 35.8 7.2 10/08/08 69 33.2 7.33 
11/07/20 282 30.3 6.3 11/08/08 194 32.7 5.04 
11/07/20 174 32.0 5.5 11/08/08 192 32.7 5.36 
12/01/07 125 15.3 3.7 12/08/08 133 22.3 4.41 
12/01/07 91 12.0 2.80 12/08/08 165 22.8 4.50 
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